Localization and hybridization of electronic states in thin films of Ag on V(IOO) 
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We have studied the electronic states in 1-5 layers thick Ag films on V(IOO), by means of ah 
initio density functional calculations. Due to the mismatch of the electronic structure of Ag and 
V, quantum well states of both sp and d character localized on Ag films are formed. We find that 
the hybridization of the Ag quantum well states with the V orbitals is nevertheless important, and 
must be taken into account in order to fully understand the observed properties, in particular the 
energies and the dispersion of the photoemission peaks in ARPES experiments. 
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I. INTRODUCTION 

Ultratliin metallic films grown on a different metal sub- 
strate show interesting structural and electronic proper- 
ties. Some grow in registry with the substrate, while oth- 
ers form a variety of commensurate or incommensurate 
structures, develop grain boundaries, etc. Of particular 
interest are the systems which exhibit quantum size ef- 
fects (QSE), where the electronic states in the films, with 
thickness typically from one up to several tens of layers, 
show quantized motion in the direction perpendicular to 
the surface plane. Quantum well (QW) states or quan- 
tum well resonances can be formed, depending on the 
degree of mismatch between the electronic structure of 
the two metals, and the properties can vary a lot over 
the extent of the two-dimensional surface Brillouin zone 
(BZ). 

Several experimental techniques can be used to probe 
the electronic properties of thin metallic films, and in 
particular the quantum well states. For an overview see, 
e.g., a recent review paperi Most commonly used are 
angle-resolved photoemission spectroscopy (ARPES) and 
the scanning tunneling microscopy (STM). ARPES has 
been used mostly in the normal emission mode, i.e. in the 
direction perpendicular to the surface, but angularly re- 
solved spectra in off-normal directions make it possible to 
study the band structure along any direction of the sur- 
face Brillouin zone.^''^ The photoemission spectroscopy 
probes a macroscopic surface region, determined by the 
size of the incoming photon beam, which means it is best 
suited for systems of uniform thickness. A well known ex- 
ample of this kind are silver films on a Fe(lOO) whisker, 
which can be grown up to 120 macroscopically uniform 
atomic layers,- STM is a nanoscopically local method, 
and offers the possibility to study local structures, such 
as islands, chains, dots, etc. With the scanning tunneling 
spectroscopy (STS) technique, in which the differential 
conductance (dl/dV) is measured, one can reliably de- 
termine the energy of quantized electronic states in the 
range of approximately 1 eV below and above the Fermi 
level. The constant current STM technique can also give 
important information about the surface electronic struc- 
ture, in particular by direct imaging of standing waves 



formed around surface defects in the low bias voltage 
(and usually low temperature) regime, and taking the 
Fourier transform. This method is known as the Fourier 
transform scanning tunneling microscopy (FT-STM).^ 

In this paper we study the properties of thin films of 
silver on a V(IOO) surface. The films can be grown pseu- 
domorphically, i.e. in registry with the substrate, up to 
a thickness of at least ten layers. It has been recently 
shown that, by using an appropriate deposition and an- 
nealing procedure, films of very high quality can be ob- 
tained even on V(IOO) surface with oxygen-induced (5x1) 
reconstruction, because silver atoms displace oxygen and 
lift the reconstruction.^ The silver films grow as (111) 
layers of fee structure, slightly tetragonally distorted due 
to a small mismatch of interatomic distances of the two 
lattices. The electronic properties of this system are very 
interesting, due to the profound difference of the band 
structure of the two metals. In bulk vanadium, the s 
bands extend approximately from 2.5 to 7 eV below the 
Fermi level, while the d bands exist between the Fermi 
level down to 3 eV. The order is reverse in bulk silver 
which has d bands between 3.5 and 6 eV below the Fermi 
level, and the broad sp bands extend from the Fermi level 
down to 7 eV. This symmetry mismatch is particularly 
important in the center of the two-dimensional Brillouin 
zone of the V-Ag (100) interface, where it amounts to 
a symmetry gap which prevents hybridization of certain 
electron bands across the interface. In ultrathin Ag films 
on V(IOO), it has a consequence that both the sp orbitals 
of Ag close to the Fermi level and d orbitals at larger 
binding energies form QW states which are mostly local- 
ized within the Ag layers. In normal ARPES, which se- 
lects electronic states at the center of the two-dimensional 
Brillouin zone, the QW states appear as strong narrow 
peaks i& 

A number of approaches have been used in the past 
in order to describe the electronic properties, in partic- 
ular the QW states, in ultrathin metallic films. Quasi- 
one-dimensional models, such as a square well potential^ 
or the phase accumulation modelW have been success- 
fully used to to interpret the energies of QW states. 
More sophisticated methods have also been used, such as 
the tight-binding approach^^ and layer-Korringa-Kohn- 
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Rostoker approachiiS In a few systems the QW states 
have been investigated by self consistent density func- 
tional calculations piS^ There are strong reasons to use 
the ab initio methods. First, there are no adjustable pa- 
rameters, and a wide range of calculated structural and 
electronic properties offer the possibility of a detailed 
comparison with experiments. Also, quantities such as 
the expected STM profiles and the amplitudes of the 
wavefunctions of the QW states, which cannot be ob- 
tained in simple approaches, can be calculated. 

In a recent paper we have reported our ab initio cal- 
culations of the structure of the Ag/V(100) system.- We 
used the density functional theory (DFT) approach and 
calculated the structure and the total energy of silver 
films on the V(IOO) surface from one to five layers thick. 
The calculated interlayer distances, step heights, work 
functions and other quantities were in excellent agree- 
ment with the experimental findings. In this work we 
use the same method to calculate the electronic proper- 
ties of the Ag/V(100) system and compare the results 
with photoemission experiments. 



II. EXPERIMENTAL STUDIES OF Ag/V(100) 
FILMS 

STM experiments give important information on struc- 
tural properties of Ag/V(100) films, e.g. the disappear- 
ance of the oxygen-assisted (1 x 5) reconstruction of the 
bare V surface upon silver adsorption and annealing, 
the step heights between Ag terraces of different num- 
ber of layers, etc. In STM images the Ag terraces ap- 
pear smooth, with small corrugation of square symmetry 
corresponding to the atomic structure. In a recent ex- 
periment standing waves around impuritiegi^iiSiii have 
been observed, which indicates that the motion of elec- 
trons with energies around the Fermi level is largely two- 
dimensional, confined to the Ag films. This is one of 
the rare examples where the oscillatory wave patterns at 
metal surfaces have been observed at room temperature. 

In photoemission spectra along the surface normal the 
quantum well states of predominantly sp character ap- 
pear as strong well defined peaks in the energy region 
between the Fermi level and 2.5 eV below it. They are 
narrow and the position of the maximum does not de- 
pend on the energy of the incident light, which means 
that they are localized on the silver films. The peak po- 
sition is a characteristic of the number of Ag layers, and 
the appearance of one or more peaks in the photoemis- 
sion spectra can be used to determine the thickness and 
the degree of perfection of the films. Off-normal photoe- 
mission measurements make it possible to determine the 
dispersion relation of the QW states.-* Away from the 
center of the surface Brillouin zone, i.e. at finite the 
photoemission peaks of the QW states broaden and the 
dependence upon fc|| often deviates from the parabolic 
free-electron behavior. Several of the theoretical ap- 
proaches mentioned in the Introduction have been used 



to treat the sp QW states of Ag/V(100) films, includ- 
ing a simple square potentialji^ the phase accumulation 
modelfi^ the layer-Korringa-Kohn-Rostoker approach^ 
and the tight-binding calculations.- These calculations 
have made it possible to assign the experimentally ob- 
served QW states to different families according to the 
number of nodes of the wavefunction, for up to eight lay- 
ers or so-i^ 

The energy region from 2.5 to 7 eV below the Fermi 
level in photoemission is dominated by features derived 
from d bands of Ag. A number of sharp peaks are ob- 
served in normal photoemission, implying that some d 
orbitals form QW states localized within silver films. 



III. CALCULATIONS 

The density functional calculations were performed 
using the DACAPO program with ultrasoft pseudopo- 
tentials for the Perdew-Wang exchange-correlation func- 
tional, in the generalized gradient approximation (GGA). 
The computational procedure has been described in con- 
siderable details in Ref. ^ and here we only give a brief 
overview. Seven layers of vanadium were used to de- 
scribe the bcc V(IOO) substrate, on which one to five 
silver layers were added. Since periodic boundary con- 
ditions were used in all three spatial directions, a layer 
of vacuum of around 15 A was added on top of silver. 
The structure was allowed to fully relax in the direction 
perpendicular to the surface, except for the three bottom 
V layers, which were kept fixed at the bulk interatomic 
distance. We used a mesh of 12 x 12 fc points in the 
directions along the surface plane. Once the full selfcon- 
sistency of the relaxed structure was achieved, we made 
additional calculations with many more k points (typi- 
cally 36 from the center to the edge of the BZ) along 
the two high-symmetry directions of the surface Brillouin 
zone, in order to obtain the dispersion relations and the 
wavefunctions of the Kohn-Sham eigenstates in more de- 
tail. Since in these calculations the k points do not cover 
uniformly the whole two-dimensional Brillouin zone, the 
potential determined beforehand in selfconsistent calcu- 
lations is used. 

We use the calculated electronic eigenstate energies 
and wavefunctions for comparison with experiments, in 
particular photoemission. However, the Kohn-Sham den- 
sity functional approach is designed primarily for an ac- 
curate calculation of the total energy of the system. By 
varying the positions of the atoms one can determine the 
equilibrium atomic configuration, the interatomic poten- 
tial around the equilibrium, etc. The electronic eigen- 
states are obtained as an intermediate result and their 
quality and suitability for the description of various elec- 
tronic processes is not guaranteed. The method is par- 
ticularly unreliable for empty electronic states above the 
Fermi level, which do not contribute towards the total 
energy of the system and are therefore not included in 
the energy functional. In fact, it is possible to perform 
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FIG. 1: The energies of electronic states of an unsupported Ag monolayer of square symmetry, with lattice constant corre- 
sponding to interatomic distance on a V(IOO) surface. The energies are calculated using DFT, in the high symmetry directions 
of the surface Brillouin zone. In the center of the Brillouin zone the character of the states is, starting from the lowest energy, 

(1) d^2_y2, (2) dzz with some s admixture, (3), (4) degenerate d^z and dyz, (5) d^y, and (6) predominantly s. 




FIG. 2: The electronic structure of bulk vanadium, (a) In the direction normal to the V(IOO) surface. The bands are labeled 
by their group representation, (b) Projection along high-symmetry directions of the (100) surface Brillouin zone, for 20 values 
of kz. 



the DFT calculations using just enough orbitals to ac- 
commodate all the electrons, at the expense of the rate 
of convergence, in which case the empty states will be 
obviously inadequate. Even if sufficiently many orbitals 
are included, the vacuum layer separating the films in the 
direction perpendicular to the surface may not be large 



enough to prevent the coupling of states above the Fermi 
level due to a finite probability of tunneling through the 
vacuum. Care should be exerted if empty states are used 
e.g. in the analysis of STM images. Nevertheless, it 
has repeatedly been found that, if adequate precaution 
is used, the calculated electronic eigenstates yield a good 
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description of the electronic structure of the sohd. From 
comparison with other calculations we have concluded 
that our calculation indeed gives good electronic struc- 
ture, apart from some d bands of silver being too close 
to the Fermi level, which will be discussed in detail later 
on. Apparently, the d bands have been a problem in a 
number of DFT calculations of the electronic structure 
of noble metals. 



IV. RESULTS AND COMPARISON WITH 
EXPERIMENT 

A. The Kohn-Sham eigenstates 

We first made density functional calculations of an un- 
supported Ag monolayer (i.e. a layer of silver atoms sur- 
rounded on both sides by vacuum) of the same geom- 
etry as Ag atoms in a IML film adsorbed on V(IOO). 
The energies of the Kohn-Sham eigenstates are shown in 
Fig. n along the high symmetry directions of the sur- 
face Brillouin zone T-X and f-M The states between 
2.5 and 4.5 eV binding energy with relatively flat dis- 
persion curves are d bands, while the s band shows a 
free-electron like dispersion and crosses the Fermi level 
at around = 0.8 A"-'^ in both calculated directions. 
Around the center of the Brillouin zone the s orbitals 
also contribute some weight to the dzz band, second from 
below, which is possible as both belong to the same com- 
pletely symmetric representation of the symmetry group 
at F point. 

Next we calculated the Kohn-Sham energy bands of 
bulk vanadium and projected them onto the directions 
relevant for the surface calculations. In Fig|21 (a) are 
shown the bands along the F-A-H direction, i.e. the 
kz direction in our surface calculations, which projects 
onto the F point of the (100) vanadium surface Brillouin 
zone. In Fig[21(b) we show the bands in the high symme- 
try directions of the surface Brillouin zone, for 20 values 
of kz. There are no true energy gaps at or near the F 
point. However, according to Fig[21(a) in the energy re- 
gion between 2.3 eV and the Fermi level only states of 
A2 symmetry exist. Consequently, the electronic states 
of silver adlayers at F which are totally rotationally sym- 
metric with respect to the z axis (i.e. s and dzz) which fall 
in this energy range cannot hybridize with the substrate 
bands. This is the so called symmetry gap which allows 
the existence of quantum well states in adsorbate lay- 
ers even when the substrate has no true energy gaps. Of 
course, the symmetry incompatibility ceases to be exactly 
true as soon as we move away from the F point. Thus 
we expect that the photoemission peaks from such adsor- 
bate QW become broader when measured away from the 
normal direction, i.e. for a finite fc||. This is unlike the 
QW states on substrates with a true energy gap, where 
narrow photoemission peaks can be observed for large 
A;j I , until they hit either the Fermi level or the edge of a 
projected band. 



At binding energies larger than approximately 3 eV 
the converse is true. According to Fig|21 only electronic 
states of the Ai symmetry exist at F point, which implies 
that there is a symmetry gap for d states other than dzz 
and the respective QW states may occur. 

Finally, we come to the results for the combined 
vanadium-silver systems. The dispersion relations of the 
eigenstates for 1 ML and 2 ML Ag films on seven layers of 
V(IOO), calculated as explained in section UlTl are shown 
in Figs. 131 and 21 The thin dotted lines in Fig. O are the 
results for bare vanadium substrate consisting of seven 
layers, which are similar to the bulk dispersion relations 
projected onto the surface, Fig|21(b), but more coarsely 
spaced because of the small number of layers. The full 
lines are the results of the calculation with the silver ad- 
layer. It is easy to recognize the electronic states which 
are localized mostly in vanadium, as they run very close 
to the dotted lines of the clean V, while the states as- 
sociated with silver do not have a corresponding dotted 
line. The states which at fc|| =0 have a large weight on 
silver atoms are shown by thick lines around the center of 
the Brillouin zone. The different line styles denote states 
of different symmetry, which has been deduced from the 
density of states projected onto atomic orbitals. In the 
energy range between the Fermi level and 2 eV we have 
gone a step further, and calculated the integral over the 
silver atoms of the density of various eigenstates, for the 
full range of k^ vectors. The results are shown as lines 
of various thickness, the thick segments corresponding to 
states localized at silver atoms by more than around 35%. 
The reasoning behind this approach is that the calculated 
integrals are roughly proportional to the intensity of the 
photoemission peaks in ARPES experiments, since pho- 
toelectrons originating from deeper layers have a small 
probability of leaving the solid without being scattered. 
The most prominent among the thick lines are the quan- 
tum well states with energy of 1.65 eV for 1 ML and 
0.66 eV for 2 ML films at F point. They appear as strong 
narrow peaks in ARPES experiments, as discussed in the 
following subsection. 

Comparing the states of 1 ML Ag films on vanadium. 
Fig. 121 with the states of the unsupported Ag monolayer. 
Fig. ^ it is evident that the Ag d bands (except dzz), 
drawn by dashed lines, are pulled down to lower ener- 
gies, while the shape of the dispersion curves remains 
quite similar. This can be attributed to the fact that the 
effective potential well confining the states within the Ag 
film is wider in the Ag/V(100) case than in the (rather 
unrealistic) self-standing Ag film, but otherwise the d 
states do not hybridize significantly with the vanadium 
substrate. The situation is very different in the case of sp 
and dzz derived bands, which fall largely within the en- 
ergy range of the vanadium s band and hybridize strongly 
with it. Around the center of the surface Brillouin zone 
the weight of the Ag sp orbitals is transferred mostly to 
the quantum well state at binding energy 1.65 eV men- 
tioned in the preceding paragraph, and to the state at 
6.56 eV, just below the lower edge of the vanadium s 
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FIG. 3: Similar as Fig. but for a monolayer of Ag on seven layers of vanadium (100) (full lines), and seven layers of V 
only (dotted lines). Around the center of the Brillouin zone we have denoted by thicker lines the states of the Ag/V(100) 
system which have a large amplitude on the silver layer. Black lines: states with s character, grey lines: Ag states of d^z 
symmetry, which hybridize strongly with the s band of vanadium, dashed lines: Ag states of other d symmetries. In the region 
between 1.65 eV binding energy and the Fermi level we have calculated the magnitude of various states on the silver layer, and 
represented it by lines of different thickness. For a detailed discussion see text. 
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FIG. 4: Similar as Fig.|3 but for two layers of Ag on seven layers of vanadium. The grey box denotes the E — k region which 
has been investigated experimentally by off-normal ARPES in Refs. Hslll^ 
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band. The dzz state (with some contribution of Ag sp 
orbitals) hybridizes strongly with the vanadium s band 
and contributes to several states, shown as thick grey 
lines. Their number would increase if we used more than 
7 layers of V, while their weight on Ag atoms would de- 
crease. Finally, in the limit of a thick vanadium substrate 
a broad Ag d^z-V s resonance would appear. 

A qualitative interpretation of the band structure of 
2 ML Ag films, Fig. 01 compared to the 1 ML results is 
that each d state localized on silver splits into two. The 
sp-derived quantum well state with highest energy, well 
localized on Ag, is now at 0.66 eV below the Fermi level. 



B. Quantum well states and resonances 

In order to investigate into detail the character of quan- 
tum well states and resonances, we have made intensity 
plots of the amplitudes of the wavefunctions of some 
Kohn-Sham eigenstates. The wavefunctions shown in 
Fig. 13 are for 2 ML Ag films on V, but the results for 
1 ML Ag films are similar, although with fewer nodes 
along the z direction. We plotted the wavefunctions at 
the center of the surface Brillouin zone F where they can 
be expressed as a real function by factoring out a constant 
complex phase. The wavefunction of the sp QW state at 
k\i = 0, E = 0.66 eV, is particularly interesting. It is 
almost translationally invariant in the directions of the 
surface plane, with one node, as predicted by the classifi- 
cation of states in the simple potential well models, e. g. 
as shown in Fig. 10 (d) in Ref.Q. However, it has an unex- 
pectedly large amplitude on the first one or two vanadium 
layers, which is contributed by orbitals of dzz symmetry. 
In fact, the (approximate) projection of the density of 
states onto atomic orbitals of various symmetry shows 
that the wavefunction consists of approximately half Ag 
sp and half V dzz orbitals. Although large on the first 
V layer, the contribution of V orbitals decreases quickly 
and vanishes within a couple of V layers, since these or- 
bitals are pulled out from their 'natural' energies (i.e. the 
respective vanadium d bands) and do not propagate into 
the vanadium bulk. 

In Fig. we show the square of the wave function of 
the 2 ML Ag QW state, for three values of the wavevec- 
tor fc| I along the F-M direction. The functions are shown 
along the z coordinate at a particular xq and yo, cho- 
sen in such a way that the line does not intersect any 
pseudopotential sphere used in our calculation. This was 
done to avoid the strong variation of the wavefunctions 
close to the atomic cores, but apart from that the choice 
of Xo and yo is not significant, since the amplitudes of the 
wavefunctions are almost translationally invariant, as can 
be seen in the density plot of the QW state at fc|| = in 
Fig. El (d). Fig. El confirms the quantum well state char- 
acter of the wave function at F, i.e. fc|| =0, where the 
symmetry gap is fully effective. At ku— 0.37 A^^, which 
is just inside the grey box in Fig. the wavefunction 
has a much decreased density outside the first Ag atom, 



TABLE I: Comparison of calculated and measured energies 
(in eV, with respect to the Fermi level) of sp quantum well 
states of 1 to 5 ML films of silver on vanadium. 



Number of Ag Layers Experiment^ Calculation 

1 1.65 1.65 

2 0.58 0.66 

3 - 2.22 

4 1.43 1.61 

5 0.82 0.99 



and extends up to the third and fourth V layer. Finally, 
at fc|| = 0.57 the wavefunction is located mostly on 
the first two V layers, but extends through the rest of 
the slab and has a tail into the vacuum on the other side 
of our Ag/V structure. Thus the state has lost its QW 
character, and can be more appropriately described as 
an interface resonance. 

These results show that although simple well poten- 
tial or phase accumulation models may successfully re- 
produce the energies of the QW states at the F point 
with an appropriate choice of parameters, only ab initio 
calculations can give accurate information about the de- 
gree of hybridization with V orbitals, in particular away 
from the center of the surface Brillouin zone, which can 
be essential for photoemission cross sections and other 
properties. 



C. Comparison with experiments 

In Fig. 13 we have plotted the experimental spec- 
tra of normal photoemission from a monolayer of Ag 
on ¥(100)^" and calculated energies at the F point of 
electronic states localized on the silver adlayer. The ex- 
perimental spectrum was measured at the ELETTRA 
synchrotron in Trieste. The sample was at room tem- 
perature, and the energy resolution of the measurement 
was around 30-50 meV.^ The prominent peak at 1.65 eV 
binding energy has been assigned to the Ag sp quantum 
well state, and the one around 5.2 eV to the Ag d QW 
state. The FWHM of both peaks is close to 400 meV. 

In Ref . P a careful analysis of spectra taken in a similar 
experiment, in which the energy resolution was around 
10 meV and the temperature could be varied, showed 
that at 60 K the 2 ML sp QW peak width is around 
360 meV, which was decomposed into various contribu- 
tions. Based on those results, we can attribute around 
200 meV of the line width in Fig. [Tito the finite lifetime 
of the hole (this contribution depends roughly quadrati- 
cally upon the binding energy of the QW state), 150 meV 
to impurity and phonon scattering, and the remaining 
30-50 meV to the experimental resolution. In Ref. it 
was found that a large part of the apparent width of the 
d QW peak around 5.2 eV comes from the fact that it 
is a doublet, with the two components split by around 
120 meV. The splitting is due to the spin-orbit coupling, 






FIG. 5: The wavefunctions of some electronic states in films of 2 ML Ag on 7 layers of vanadium at f point, in the plane along 
X = y and perpendicular to the surface. The solid spheres hide the atomic cores, and the atomic pseudopotentials are defined 
at distances which lie inside the spheres. The different shadings denote regions in which the wavefunctions have positive and 
negative values, respectively, (a) Ag sp-V s QW state at 6.91 eV binding energy; (b) Ag sp with some Ag d^z, hybridized with 
V s, at 5.45 eV; (c) Ag d^^ QW state at 4.59 eV; (d) Ag sp-V dzz QW state at 0.66 eV. 
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FIG. 6: The square of the wavefunction of the 2 ML Ag sp 
quantum well state as a function of the coordinate z perpen- 
dicular to the surface, for three values of the wavevector fc||. 
The coordinates xo = 0, yo = 0.5av are chosen so that the 
line does not intersect any pseudopotential sphere used in the 
calculation. 



which is not included in our calculations. Another peak 
which can be attributed to a d QW state occurs at 4.7 eV 
binding energy. It is quite weak in the spectrum shown 
here but has a larger intensity at other photon energies. 
It is a singlet, with a width around 95 meVi^ 

The results of our calculations are shown as lines of 



various style and height. The height indicates the de- 
gree of localization of the electronic state on the silver 
adlayer, which gives a rough estimate of the expected 
photoemission strength. Thus the state of s symmetry 
at 1.65 eV is shown with a full height line, since it lies 
in the symmetry gap of vanadium and cannot propagate 
into the bulk, although it has a strong component on the 
first V layer, as already discussed for the 2 monolayer 
QW state. Similarly, the Ag d states of dxy and d^2_y2 
symmetry at larger binding energies also form QW states 
due to symmetry mismatch with substrate bands, as do 
the dxz, dyz states which are shown with a line of dou- 
ble height since they are degenerate at fc = 0. The states 
derived from Ag dzz orbitals, however, are shown as half- 
height grey lines, since they readily hybridize with the s 
band of the vanadium substrate. These states have also 
a small admixture of Ag s orbitals. Finally, we have de- 
noted the state at 6.56 eV also by a black bar, i.e. as 
a QW state of s symmetry, because in our calculation 
the wavefunction decreases approximately exponentially 
on the deeper vanadium layers. However, our calculation 
with only seven layers of vanadium underestimates the 
width of the s band of V, and a more appropriate de- 
scription of this state may be that of a s resonance at the 
bottom of the vanadium s band. 

The calculated energy of the s QW state at E — 
1.65 eV agrees well with the peak in the experimental 
spectrum. The energies of d quantum well states, how- 
ever, are around 1 eV too high compared to the exper- 
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FIG. 7: Experimental normal emission photoelectron spec- 
tra of 1 ML Ag films deposited on V(IOO) surface, and the 
energy eigenvalues of Ag quantum well states and resonances 
obtained in DFT calculations of 1 ML Ag on a seven layer 
V(IOO) substrate. Black bars: the QW states originating 
from Ag s orbitals, strongly hybridized with d^z orbitals on 
the underlying V atoms (the QW state at i5 = 1.65 eV), 
and with the corresponding s orbitals (the QW state around 
E = 6.56 eV). Dashed bars: the Ag d QW states of various 
symmetries. Gray bars: the Ag s QW resonances, which lie 
within the vanadium s bands. See the discussion in the text. 



imental peaks. There is no reason for any shift of the 
experimental photoemission peaks of the d states com- 
pared to sp, and this discrepancy appears to be a defi- 
ciency of the density functional calculation. It is indeed 
known that local density functional calculations tend to 
place the d bands of silver (and other noble metals as 
well) too close to the Fermi energy, as discussed in Ref. 
I21I and references therein. 

We obtain good agreement for the energies of the sp 
QW states at F point for thicker Ag films as well. In 
Table |l] we show the calculated energies of the highest 
state of sp symmetry, for films from 1 to 5 monolayers 
of Ag. In all cases, except possibly for 3 ML, the ener- 
gies fall in the symmetry gap discussed earlier. The re- 
sults are compared with the values measured in normal 
photoemissioni^ The agreement is very good, consider- 
ing the finite width and the temperature dependence of 
the experimental peaks. There is no direct measurement 
of the QW state in 3 ML Ag films, which are probably 
structurally unstable.^ However, in ReL 19 photoemis- 
sion spectra have been reported from Ag films on V(IOO) 
of nominal coverage of 2.5 ML, which presumably con- 
sist of regions of 2 ML and 3 ML coverage. In Fig. 4 of 
that reference the broad peak around 2.3 eV, which is the 
upper edge of the vanadium s band, is assigned to pho- 
toemission from a QW state or resonance associated with 
the 3 ML regions, in good agreement with our calculated 



value. 

The dispersion of Ag QW states can be compared 
with off- normal ARPES experiments. In Fig. 0] we have 
marked by a grey box the E — k\\ region in the T-M di- 
rection in which the angle resolved PES spectra of 2 ML 
Ag films on vanadium have been reported^^ii^ Compar- 
ing the thick lines in our calculation to the density plot 
of the off-normal photoemission intensity in Fig. 6.14 of 
Ref. and Fig. 2 of Ref. 0! we see that the agreement is 
excellent. Both the quadratic dispersion of the QW state 
around the F point and the subsequent bending down, 
as well as the transfer of photoemission intensity to the 
vanadium-induced states which cross the Fermi level at 
finite fc|| are seen in the experimental spectra. It is inter- 
esting that our calculations find a quite different behavior 
in the V-X direction, where a state with binding energy 
slightly larger than the QW state acquires a significant 
weight on the surface atoms soon after leaving the F point 
of the Brillouin zone. This direction, however, has not 
been investigated by ARPES experiments. 

In Refs. llallGlllTI standing wave patterns around sur- 
face defects have been observed in STM images taken 
on 1-5 ML thick Ag films on V(IOO) at room temper- 
ature. The defects were mostly point scatterers, and 
in some cases also surface steps. Such patterns are 
known to originate from the interference of electrons 
with predominantly two-dimensional character, usually 
surface stateSfSSi on localized potentials. This is a rare 
example of standing waves in a room temperature ex- 
periment, as most other observations have been done 
at low temperatures. It indicates a strongly enhanced 
two-dimensionality of electronic states in silver overlay- 
ers with energies around the Fermi level at large values 
of the wavevector fc| | . In the unsupported silver mono- 
layer. Fig. n the Fermi level is crossed by the s band at 
around fc|| = 0.8 k'^. For 1 ML and 2 ML Ag films on 
V(IOO), Figs.^and^ states largely localized at the sur- 
face (thick lines) also appear in this range of fc| | . Strong 
hybridization with vanadium states makes the whole pic- 
ture rather complicated, and a quantitative interpreta- 
tion of the STM experiments is not possible at present. 



V. CONCLUSIONS 

Our calculations of the electronic states in few mono- 
layers thick silver films on V(IOO) substrate have shown 
that there is a strong localization of silver-derived states 
within the Ag layer, due to the mismatch of the elec- 
tronic structure of the two metals. The localization is 
particularly noticeable at the F point of the surface Bril- 
louin zone, where quantum well states of both s charac- 
ter (close to the Fermi level) and d character (at more 
than 3 eV binding energy) appear on Ag films. States of 
Azz symmetry, on the other hand, readily hybridize with 
vanadium s electrons, which are symmetry compatible. 
Hybridization effects also become more important away 
from the center of the Brillouin zone. We have obtained 
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good agreement with photoemission experimental spec- 
tra, both in the direction normal to the surface and with 
the available measurements in off-normal directions. 
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